TEL-platelet-derived growth factor-␤ receptor (TEL-PDGF␤R) is expressed in chronic myelomonocytic leukemias associated with t(5;12)(q33;p13), and the fusion tyrosine kinase retains a conserved WW-like domain in the PDGF␤R autoinhibitory juxtamembrane region. Here we report that mutation of the 2 conserved tryptophan residues of the WW-like domain has opposing effects on TEL-PDGF␤R kinase activation. Alanine substitution of W593, essential for proteinprotein interaction in the context of other WW domains, impaired TEL-PDGF␤R-mediated transformation of hematopoietic cells due to inhibition of TEL-PDGF␤R kinase activity. In contrast, alanine substitution of W566, essential for structural integrity of WW domain in other contexts, had no effect on TEL-PDGF␤R activation and oncogenic activity. Surprisingly, however, the W566A mutation suppressed the W593A phenotype. Double mutant W566A/ W593A was indistinguishable from the wild-type fusion protein with regard to kinase activity, ability to confer factorindependent growth to Ba/F3 cells, or ability to induce a myeloproliferative disease in mice. Additional mutational analysis identified other substitutions within the WW-like domain in addition to W566A that could also suppress the W593A phenotype, including mutations predicted to diminish the autoinhibitory function of the juxtamembrane region. Therefore, the WW-like domain in the context of TEL-PDGF␤R may have both positive and negative regulatory roles in kinase activation. ( 
Introduction
The TEL-platelet-derived growth factor-␤ receptor (TEL-PDGF␤R) fusion was identified as a consequence of t(5;12)(q33; p13) chromosomal translocation, a recurring cytogenetic abnormality associated with chronic myelomonocytic leukemia (CMML) that is characterized by abnormal myelopoiesis with eosinophilia, myelofibrosis, and frequent progression to acute myeloid leukemia. 1 The fusion protein contains an N-terminal domain of a transcription factor, TEL (ETV6), fused to the C-terminal segment of the receptor tyrosine kinase PDGF␤R with the entire transmembrane, juxtamembrane, and tyrosine kinase domains. 1 The pointed domain (PNT) within the N-terminal region of TEL mediates self-association, resulting in constitutive activation of the PDGF␤R tyrosine kinase by mimicking ligand-induced oligomerization. 2, 3 TEL-PDGF␤R has been demonstrated to transform murine hematopoietic Ba/F3 cells to interleukin-3 (IL-3)-independent survival and proliferation. 2 Furthermore, TEL-PDGF␤R causes a myeloproliferative disease in a murine bone marrow transplant (BMT) assay that recapitulates many of the features of the human phenotype. 4, 5 Both TEL PNT-dependent self-association and PDGF␤R tyrosine kinase activity are required for TEL-PDGF␤R fusion-mediated transformation. 2 TEL-PDGF␤R activates signal transduction pathways that are similar to those activated by the native PDGF␤R in response to PDGF ligand. PDGF␤R is a type III receptor tyrosine kinase (RTK) family member whose activation depends on ligand-bindinginduced receptor oligomerization and subsequent autophosphorylation. 6, 7 Phosphorylated tyrosine residues of PDGF␤R provide docking sites for specific downstream signaling components containing SRC-homology 2 (SH2) domains including SRC, phosphatidylinositol 3-kinase (PI3K), phospholipase C-␥ (PLC␥), growth factor receptor-bound protein 2 (GRB2), the SH2 domain-containing tyrosine phosphatase SHP-2, and multiple signal transducer and activator of transcription (STAT) proteins. 7 A series of tyrosine-to-phenylalanine mutants of PDGF␤R that impair association of distinct downstream effectors have been generated to reveal the critical roles of specific pathways such as PLC␥ and PI3K in PDGF␤R signaling. 8 The TEL-PDGF␤R fusion protein constitutively phosphorylates and activates STAT1 and STAT5 in Ba/F3 cells. 9 Additionally, mutational analysis indicates that STAT5, PI3K, and PLC␥ are necessary to achieve full transformation of Ba/F3 cells by TEL-PDGF␤R. 10 In addition to TEL-PDGF␤R, a number of chromosomal translocations involving PDGF␤R have been described, including t(5;7)(q33;q11.2), t(5;10)(q33;q22), and t(5;14)(q33;p13), resulting in expression of the Huntington-interacting protein 1 (HIP1)-PDGF␤R, H4-PDGF␤R, and Rabaptin-PDGF␤R fusion proteins, respectively. Each PDGF␤R fusion has been associated with a phenotype of CMML in humans, and transforming activity of each fusion protein relies on activation of the PDGF␤R protein tyrosine kinase by the respective N-terminal oligomerization motifs. [11] [12] [13] [14] These findings suggest that activation of the PDGF␤R kinase domain and its downstream signaling pathways plays an essential role in pathogenesis of CMML induced by PDGF␤R fusion proteins. Therefore, the understanding of mechanisms by which PDGF␤R fusion proteins are regulated may provide insight into novel therapeutic approaches.
Recently, a conserved WW-like domain was described in the PDGF␤R cytoplasmic juxtamembrane domain. 15, 16 WW domains in the context of other proteins independently fold as a 3-strand, antiparallel ␤-sheet structure containing a central core of aromatic and hydrophobic residues flanked by a highly conserved tryptophan amino acid at each end. WW domains function similarly to the SRC-homology 3 (SH3) domains and mediate specific proteinprotein interaction in a variety of signaling proteins. One major group (group I) of WW domains recognize proline-rich motifs with a minimal consensus sequence of xPPxY, where P indicates proline, Y indicates tyrosine, and x is any other amino acid. [17] [18] [19] [20] [21] The amino acid sequence of the juxtamembrane domain of PDGF␤R, which is highly conserved among type III RTK subfamily members, including the colony-stimulating factor 1 (CSF-1) receptor and c-KIT, shows a strong similarity to WW domains identified in other contexts. Moreover, in an in vitro binding assay, radiolabeled glutathione-S-transferase (GST)-tagged proteins containing mouse PDGF␤R juxtamembrane segments exclusively interact with immobilized peptides containing PPxY, the consensus sequence of group I WW domain ligands. 15 The juxtamembrane domain in PDGF␤R and other type III RTKs has also been suggested to function as an autoinhibitory domain that regulates receptor activation. Mutations that disrupt the structure of the autoinhibitory domain may result in constitutive activation of the receptor in the absence of ligand. For example, a single mutation, V536A, in the mouse PDGF␤R juxtamembrane region results in constitutive activation of the receptor. 15 Similarly, multiple mutations within juxtamembrane domain of c-KIT in the context of gastrointestinal stromal cell tumors have been demonstrated to constitutively activate the receptor tyrosine kinase, [22] [23] [24] [25] [26] as do internal tandem duplications in the juxtamembrane domain of Fms-like receptor tyrosine kinase 3 (FLT3), in 25% of acute myelogenous leukemia (AML) cases. [27] [28] [29] In the murine native PDGF␤R, mutational studies suggest an inhibitory WW-like structure in the juxtamembrane domain that mediates autoinhibition. Molecular modeling leads to the hypothesis that a group of residues in the PDGF␤R WW-like domain, including Y547, Y549, L555, and Y557, form a hydrophobic concave face that interacts with the receptor kinase domain, thereby inhibiting activation of the receptor tyrosine kinase. 16 However, the detailed mechanism by which the juxtamembrane domain contributes to regulation of type III RTKs remains to be elucidated. Here we report that the WW-like domain has both positive and negative regulatory function in kinase activation in the context of TEL-PDGF␤R.
Materials and methods

DNA constructs and site-directed mutagenesis
Retroviral vectors MSCV-neoEB and MSCV2.2IRESGFP, which contain TEL-PDGF␤R cDNA, were described previously. 4 Mutation W566A or W593A was introduced into TEL-PDGF␤R by using the QuikChange-XL site-directed mutagenesis kit (Stratagene, La Jolla, CA). Mutations Y579A, Y581A, D583A, and T592A were generated by using pMSCV-neoEB-TEL-PDGF␤R as a template. Double mutations W566A/W593A, Y562A/ W593A, V568A/W593A, L587A/W593A, and Y589A/W593A were generated by using pMSCV-neoEB-TEL-PDGF␤R W593A as a template. All mutants generated were confirmed by DNA sequencing.
Cell culture and retrovirus production
Ba/F3 cells were cultured in RPMI 1640 medium with 10% fetal bovine serum (FBS) and 1.0 ng/mL interleukin-3 (IL-3). The 293T cells were cultured in Dulbecco modified Eagle medium with 10% FBS. The retroviral stocks were generated as described. 30 Briefly, 293T cells were cotransfected with equimolar amounts of distinct MSCV constructs with a packaging construct pIK6.1MCV.ecopac.UTd (Cell Genesys, Redwood City, CA) using Superfect transfection reagent (Qiagen, Valencia, CA). Forty-eight hours after transfection, the virus-containing supernatants were harvested and the viral titers were determined as described. 31 For the murine bone marrow transplantation experiments, the viral titers of all constructs were normalized to 1 ϫ 10 5 infectious units/mL.
Retroviral transductions and Ba/F3 IL-3-independent cell proliferation assays
Ba/F3 cells (1 ϫ 10 6 ) were transduced with retroviral supernatant carrying MSCV-neoEB-TEL-PDGF␤R variants as described. 10 The cells were selected with 1.0 mg/mL G418 in the presence of IL-3 for 8 to 10 days. To assess the IL-3-independent outgrowth, the G418-resistant Ba/F3 cells were cultured in RPMI 1640 medium and 10% FBS without IL-3. The number of viable cells was determined by trypan blue exclusion. For cell viability assays, 1 ϫ 10 5 Ba/F3 cells were cultured in 24-well plates in the absence of IL-3. The number of viable cells at the experimental time point was determined by using the Celltiter96AQ ueous one solution proliferation kit (Promega, Madison, WI).
Immunoprecipitation and immunoblotting analysis
To assay for the phosphorylation of various proteins, Ba/F3 cells were treated with serum starvation in plain RPMI 1640 for 4 hours prior to lysis. The cell extracts were clarified by centrifugation and used for immunoprecipitation or immunoblotting. The enzyme-linked immunoblotting procedures were performed as described. 10 Applied antibodies include rabbit anti-PDGF␤R serum (Pharmingen, San Diego, CA); rabbit anti-PI3K (p85) serum; mouse antiphosphotyrosine 4G10 (Upstate Biotechnology, Lake Placid, NY); rabbit anti-STAT5b serum (Santa Cruz Biotechnology, Santa Cruz, CA); and rabbit antibodies against phospho-STAT5 (Tyr-694), STAT3, and phospho-STAT3 (Tyr-705; Cell Signaling, Beverly, MA).
TEL-PDGF␤R in vitro kinase assay
Immunocomplexes containing TEL-PDGF␤R were incubated in a reaction mixture of 1 ϫ kinase buffer (20 mM Tris-HCl, pH 7.4; 0.2 mM Na 3 VO 4 ; and 5 mM MnCl 2 ) and 10 Ci (0.37 MBq) [␥-32 P] adenosine triphosphate (ATP) with 1.0 g of myelin basic protein (Sigma, St Louis, MO) as an exogenous substrate. The reaction was performed at room temperature for 30 minutes and stopped by boiling with 6 ϫ sodium dodecyl sulfate (SDS) sample buffer for 5 minutes. The samples were resolved by 12.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) that was stained with 0.05% Coomassie blue R-250 and dried. The phosphorylated proteins were visualized by autoradiography and by using a PhosphoImager (Amersham Pharmacia, Piscataway, NJ).
Murine bone marrow transplant (BMT) assay
The murine BMT assays were performed as described previously. 31, 32 Briefly, BALB/c donor mice were treated with intraperitoneal injection of 150 mg/kg 5-fluorouracil. Six days later, the donor mice were killed and bone marrow was flushed from femurs and tibias and cultured overnight in the transplant medium (RPMI 1640 medium with 10% FBS, 6 ng/mL IL-3, 10 ng/mL IL-6, and 10 ng/mL stem cell factor). The cells were transduced with retroviral supernatant carrying MSCV2.2IRESGFP-TEL-PDGF␤R constructs containing an IRES-EGFP expression cassette as described. 31 Prior to tail injection, the cells were washed in phosphate-buffered saline (PBS) and resuspended in Hanks balanced salt solution (Life Technologies, Grand Island, NY). Cells (5 ϫ 10 5 /0.5 mL) were injected into the lateral tail vein of lethally irradiated (2 ϫ 450 cGy) BALB/c recipient mice.
Histopathology and flow cytometric immunophenotyping
Histopathologic analyses were performed as described previously . 30 Briefly, murine tissues were fixed in 10% neutral buffered formalin for at least 72 hours and embedded in paraffin. An additional decalcification step was applied to femurs by using RDO (Apex Engineering Products, Plainfield, IL) for 1 to 2 hours before processed for sections. Tissue sample sections (ϳ 3 m) were deparaffinized and stained by using hematoxylin and eosin. The samples were analyzed using an Olympus BX41 microscope with the objective lens of 40 ϫ/0.75 Olympus UPlanFL (Olympus, Melville, NY). The pictures were taken using Olympus QColor3 and analyzed with acquisition software QCapture v2.60 (QImaging, Burnaby, BC, Canada) and Adobe Photoshop 6.0 (Adobe, San Jose, CA).
Single-cell suspensions of bone marrow and spleen were prepared as described previously. 30 Briefly, red blood cells were lysed in PUREGENE RBCL buffer and the cells were washed in the staining buffer (PBS with 0.1% NaN 3 and 0.1% bovine serum albumin [BSA] ). In order to block nonspecific Fc receptor-mediated binding, the cells were preincubated with supernatant from the 2.4G2 hybridoma line (anti-CD16/CD32; American Type Culture Collection, Rockville, MD) for 20 minutes on ice. The cells were stained for 20 minutes on ice with monoclonal antibodies, washed with staining buffer, and then stained with secondary antibodies. Cells were washed once in staining buffer and flow cytometric analysis was done on a FACSCalibur (Becton Dickinson, Mountain View, CA). At least 10 000 events were acquired, and the data were analyzed using CellQuest software (Version 3. 
Results
The W566A mutation has minimal effect on TEL-PDGF␤R-mediated transformation
The conserved WW-like domain in the juxtamembrane domain of PDGF␤R 15, 16 is retained in the TEL-PDGF␤R fusion ( Figure 1A ). The 2 conserved tryptophan residues of WW domains in the context of other proteins are critical for its structure and function. The first tryptophan stabilizes the WW domain structure, and mutation of this residue results in loss of structure. The second conserved tryptophan is essential for mediating ligand binding to the domain. 33 In order to determine whether the WW-like domain plays a regulatory role in TEL-PDGF␤R activation, we generated and analyzed a group of mutants with substitutions at the conserved tryptophan residues of the WW-like domain in the context of TEL-PDGF␤R ( Figure 1B) .
Human PDGF␤R W566A mutation in the context of the native murine PDGF␤R results in kinase activation in the absence of ligand. 16 We first tested the effect of a W566A substitution in the context of TEL-PDGF␤R to determine whether this would further potentiate kinase activation. The TEL-PDGF␤R wild-type fusion and W566A mutant were subcloned individually into a retroviral vector carrying a neomycin resistance gene and stably expressed in the Ba/F3 hematopoietic cell line following retroviral transduction. As reported previously, 2 wild-type TEL-PDGF␤R transformed Ba/F3 cells to IL-3 factor independence, and the control Ba/F3 cells transduced with empty vector alone underwent apoptotic cell death in the absence of IL-3 ( Figure 2A ). However, there was no significant effect of W566A mutant on induction of IL-3-independent outgrowth or proliferative rate of Ba/F3 cells compared with cells transduced by TEL-PDGF␤R wild-type fusion in both cell count-and cell viability-based assays (Figures 2A and  3B, respectively) . Furthermore, when tested in a murine bone marrow transplant assay for induction of myeloproliferative disease, there was no significant difference observed between the W566A and wild-type TEL-PDGF␤R in disease phenotype and latency. All mice that received transplants of bone marrow cells transduced by wild-type TEL-PDGF␤R (7 of 7) or W566A (12 of 12) developed a myeloproliferative disease characterized by a peripheral leukocytosis composed of predominantly mature granulocytic myeloid forms and prominent marrow and splenic involvement by maturing myeloid elements with less than 5% blast forms. These mice died within 4 weeks after transplantation (median survival ϭ 20 or 26 days, respectively; Figure 4 ; Table 1 ). These observations were consistent with the hypothesis that TELmediated oligomerization results in ligand-independent full activation of the PDGF␤R kinase domain and that the W566A mutation does not further potentiate activation of the kinase.
W593A significantly impairs TEL-PDGF␤R-transforming activity
In contrast to the results with the W566A mutation, Ba/F3 cells that were stably transduced with the W593A mutant had a significantly slower proliferative rate compared with cells expressing wild-type TEL-PDGF␤R and W566A (Figures 2A and 3B) , which is not due to decreased protein expression levels ( Figure 2B ). Furthermore, when tested in the murine bone marrow transplant assay, mutation at W593 caused a dramatic effect on disease phenotype, latency, and penetrance ( Figure 4 ; Table 1 ). Only 8 (72%) of 11 mice that received transplants of mutant W593A died of myeloproliferative disease with a significantly prolonged disease latency (median survival ϭ 102 days). One mouse that received W593A transplants did not develop any disease up to 6 months after transplantation, and 2 mice that received W593A transplants that were killed at 138 and 180 days after transplantation, respectively, developed a T-cell lymphoma (data not shown) instead of a myeloproliferative disease (Figure 4 ). These data demonstrated that W593 is required for TEL-PDGF␤R full activation and transforming activity in vivo, suggesting a positive regulatory role of the WW-like domain.
W593A impairs TEL-PDGF␤R-dependent autophosphorylation and activation of downstream pathways in Ba/F3 cells
To understand the basis for the inhibition of TEL-PDGF␤R-mediated transformation, immunoblotting was performed to assess the phosphotyrosine content of TEL-PDGF␤R and related mutants. Activation of TEL-PDGF␤R is associated with autophosphorylation at various tyrosine residues, and no tyrosine autophosphorylation is detected in a TEL-PDGF␤R kinase-inactive mutant, Y635K, in Ba/F3 cells. 2 We observed that TEL-PDGF␤R wild-type and W566A had comparable phosphotyrosine content in transformed Ba/F3 cells, whereas there was a significant reduction in the phosphotyrosine context of the W593A mutant ( Figures 3C and  5A) . We also tested kinase activity of these mutants in an in vitro Taken together, these data were most consistent with a reduction in TEL-PDGF␤R kinase activity as a consequence of the W593A mutation, with minimal or no effect observed with the W566A mutation. These data also indicate the cellular signaling basis for impaired transformation of the W593A mutation and are consistent with a positive regulatory role for the WW-like domain in TEL-PDGF␤R mediated by the W593 residue, perhaps through recruitment of interacting proteins.
Effect of other mutations predicted to perturb the binding ability of WW-like domain to the putative WW domain ligand
We next investigated whether other mutations in the conserved WW domain residues that are predicted to abolish the binding of PPxY ligands would also diminish the transforming activity of TEL-PDGF␤R ( Figure 3A) . The WW domain comprises 3 antiparallel ␤ sheets. The structural analysis of human Yes kinaseassociated protein (YAP) WW domain in complex with its cognate ligand peptide showed that the WW ligand-binding pocket is formed by the second and third strands and is composed of conserved residues including Y28, H32, T38, and the second tryptophan, W39. 34, 35 Three TEL-PDGF␤R mutants were tested, including alanine substitutions of the corresponding residues Y579, D583, and T592, which align with Y28, H32, and T38 of YAP, respectively, and are predicted to participate in binding of WW domain ligands. 15, 34 Ba/F3 cell lines that stably express distinct TEL-PDGF␤R mutants were generated and tested for IL-3-independent growth ability in an apoptosis-based cell viability assay. T592A impaired the transforming activity and tyrosine kinase activation of TEL-PDGF␤R, similar to the phenotype of W593A (Figure 3 ). In contrast, Y579A and D583A showed minimal effects on induction of IL-3-independent proliferation, or on kinase activation, compared with cells transduced by TEL-PDGF␤R wild-type ( Figure 3 ). The differences between these mutants may be due to the different roles of these residues in structural stability of the WW-like domain (see "Discussion").
W566A mutation suppresses the W593A phenotype
We next tested the effect of mutation of both conserved tryptophan residues in the WW-like domain. Because the W566A mutation had no apparent biologic or enzymatic effect in the context of TEL-PDGF␤R, and the W593A mutant resulted in loss of tyrosine kinase activity, we anticipated that the double mutant would have similar properties to the W593A mutant with a reduction in tyrosine kinase activity. However, we were surprised to observe that the double mutant retained all of the properties of activation and transformation of the native TEL-PDGF␤R both in Ba/F3 cells (Figures 2-3 , 5-6) and in the murine bone marrow transplant assay (Figure 4 ). Mice that received transplants of the double mutant W566A/W593A developed myeloproliferative disease (11 of 11, 100%) that was similar in phenotype and latency to that observed with mice that received wild-type TEL-PDGF␤R transplants ( Figure 4 ; Table 1 ). In effect, the W566A mutation that appeared to have no functional consequence alone was capable of suppressing the loss of function induced by the W593A mutation. These observations also suggest that loss of transforming properties in the W593A mutant was not simply due to the loss of kinase domain protein structure as a consequence of the point mutation. 16 Mutations predicted to disrupt the WW domain autoinhibitory function overcome the W593A loss of function phenotype
Given that the first tryptophan of a WW domain is critical for structure stabilization, substitution of W566 may disrupt the structure of the WW-like domain in the juxtamembrane region of TEL-PDGF␤R fusion. This is consistent with the hypothesis that disruption of an autoinhibitory WW-like domain structure by alanine substitution results in kinase activation in the context of the native receptor. 16 For example, alanine substitution of the residues Y530 and V536, which are postulated to be essential for WW-like domain structural stability, has been demonstrated to activate the murine native PDGF␤R independent of PDGF ligand. 16 Therefore, we next tested the ability of the corresponding Y562A and V568A mutations to activate PDGF␤R kinase in the context of the W593A loss of function mutant ( Figure 3A) . As shown in Figure 3 , TEL-PDGF␤R double mutants Y562A/W593A and V568A/ W593A were able to suppress W593A phenotype and resulted in comparable transforming activity and kinase activation of TEL-PDGF␤R in Ba/F3 stable cells, similar to the phenotype of the W566A/W593A double mutant. We also tested the effects of 2 additional mutations, L587A and Y589A, on the W593A loss of function in the context of TEL-PDGF␤R. The corresponding residues in the murine native PDGF␤R, L555 and Y557, have been modeled to form a hydrophobic surface with Y547 and Y549, which is postulated to interact with the receptor kinase domain and result in autoinhibition. 16 The double mutants L587A/W593A and Y589A/W593A in TEL-PDGF␤R also exhibited activation of the fusion tyrosine kinase when transduced into Ba/F3 cells (Figure 3 ). These data together suggest that loss of the autoinhibitory function of the juxtamembrane region, either by disruption of WW-like structure or by interfering with the structure of the postulated hydrophobic surface, results in rescue of W593A phenotype in the context of TEL-PDGF␤R.
Discussion
WW domains are well known for their ability to mediate proteinprotein interactions and are defined by a compact fold with a highly conserved tryptophan residue at each end of a central core formed by aromatic and hydrophobic residues. 34, 35 The nuclear magnetic resonance (NMR) solution structure of the WW domain in human Yes-associated protein (hYAP65) shows folding into 3 slightly twisted antiparallel ␤ sheets. 35 The second tryptophan, W39, is located on the concave face of the WW structure, forming the binding pocket for proline-rich ligands with 3 exposed hydrophobic residues, T28, L30, and H32. In contrast, the first tryptophan, W17, contributes to the stabilization of WW structure by forming a hydrophobic buckle on the convex side of the sheet through intramolecular interaction with P14 and P42. 35 Using human YAP as a model, Koepf et al 33 have characterized the structure and function of mutant variants with substitutions at the 2 conserved tryptophans of WW domain. The results confirm that the second conserved tryptophan in the WW domain is critical for mediating ligand binding to the WW domain. Replacement of this residue abolishes ligand binding but does not disrupt WW domain structure. On the other hand, the first tryptophan of WW domain is critical for structure stabilization, and phenylalanine replacement of this residue results in a largely unfolded structure form. However, mutation of this residue does not attenuate the ability of WW domain to bind to its ligand. 33, 36 By mutational analyses of the 2 conserved tryptophan residues, we have demonstrated that a WW-like domain in the human PDGF␤R juxtamembrane region plays a dual regulatory role in TEL-PDGF␤R-mediated transformation both in vivo and in vitro. The TEL-PDGF␤R mutation, W593A, with a single substitution of the corresponding second tryptophan in the WW-like domain, significantly attenuated the ability of TEL-PDGF␤R to transform Ba/F3 cells to survive and proliferate in absence of IL-3. Similar observations have been made in the context of the murine native PDGF␤R. 16 Moreover, in a murine bone marrow transplant (BMT) assay, the W593A mutation impaired TEL-PDGF␤R-induced development of a myeloproliferative disease. These findings are in keeping with structural and functional data from analysis of other WW domains and are consistent with a possible role for an as yet unidentified WW ligand that binds to W593 and potentiates tyrosine kinase activation. Thus, after dimerization induced by PDGF ligand 16 or by the TEL PNT oligomerization motif, W593 appears to serve as a positive regulator of tyrosine kinase activity; alanine substitution at this position results in impaired tyrosine kinase activity.
In contrast, W566A, which corresponds to the first tryptophan required for structural integrity of other WW domains, had no effect on the constitutive tyrosine kinase activity or transformation mediated by TEL-PDGF␤R in vitro or in vivo. These data contrast with results from analysis of the murine native PDGF␤R, in which substitution of alanine at this position results in ligand-independent activation. 16 Taken together, these data are consistent with the hypothesis that disruption of an autoinhibitory WW domain structure by alanine substitution results in kinase activation in the context of the murine native receptor. 16 However, because the TEL-PDGF␤R is maximally activated by the TEL PNT oligomerization motif (presumably due to repression of autoinhibitory function of the WW domain), alanine substitution at W566 in the context of TEL-PDGF␤R does not result in further enhancement of kinase activity.
These data suggest that the WW-like domain in the context of TEL-PDGF␤R contributes both positive and negative regulatory functions to kinase activation. W593 plays a positive regulatory role, perhaps through binding to an as yet unidentified cytoplasmic ligand, whereas W566 plays an autoinhibitory role by maintenance of structural integrity of the WW-like domain within the juxtamembrane region. These data are entirely consistent with observations in the context of the native receptor. 16 The positive regulatory function of the conserved WW-like domain was further tested by introduction of other mutations that are predicted to interfere with ligand binding to WW domains. T592A impaired tyrosine kinase activation and transforming activity of the fusion kinase, mimicking the phenotype of W593A. Consistent with this observation, the corresponding mutation, T560A, is not able to activate the murine native PDGF␤R independent of PDGF ligand. 16 Both T592 and W593 are predicted to be located at the end of the third ␤ strand of the WW-like structure. 16, 34 Thus substitution of T592 may not affect structural stability but it may perturb the ligand-binding ability of the WW-like domain in the context of TEL-PDGF␤R, similar to the mutation W593A. In contrast, Y579A and D583A are postulated to be located in the second strand of the WW-like domain, and these residues are likely to be required for core structure stability. 16, 34 Substitution of these 2 residues in the WW-like domain might not only disrupt the WW ligand binding but also perturb the autoinhibitory WW-like domain structure as W566A does and, thus, have no negative effect on the constitutively activated TEL-PDGF␤R. Indeed, the D583A corresponding mutation D551A in the murine native PDGF␤R results in modest activation of the receptor tyrosine kinase in the absence of PDGF ligand. 16 The most intriguing finding in the context of TEL-PDGF␤R is that W566A overrides inhibition of tyrosine kinase activation of the W593A mutant. These data suggest a multistep pathway for kinase activation either in the context of the native PDGF␤R or TEL-PDGF␤R fusion. In this model, during inactivation, the WW-like structure plays a negative regulatory role in tyrosine kinase activation by binding and inhibiting kinase domain. 16 When activation occurs, the receptor oligomerization mediated by PDGF ligand or the TEL-pointed domain first allows for the positive regulatory function of the W593 residue, perhaps through binding of an as yet unidentified cytoplasmic cofactor. Second, the functional activity of W593 results in rotation of the negative regulatory WW-like domain away from the kinase domain and, consequently, relief of the kinase domain from autoinhibition and, thereby, full kinase activity ensues. This loss of autoinhibitory effect can be mimicked by the W566A substitution, indicating that the positive regulatory role of W593 can be bypassed by loss of structure of the autoinhibitory domain, with resulting full kinase activation in the context of TEL-PDGF␤R. This model is further supported by the observation that other structure-perturbing mutations, Y562A and V568A, also rescue the phenotype of W593A. Furthermore, alanine substitution of L587 and Y589, which are postulated to participate in formation of the hydrophobic face in the WW-like structure for kinase domain binding and autoinhibition, 16 overcomes W593A-dependent inhibition in TEL-PDGF␤R.
It is plausible that similar mechanisms apply to other PDGF␤R fusions associated with respective CMML in humans, [11] [12] [13] [14] as well as other native type III receptor tyrosine kinase family members, such as PDGFR␣, c-KIT, and CSF-1 receptor, that also have WW-like motifs in the juxtamembrane region. 15 Thus, our findings may have therapeutic implications with regard to kinases activated by juxtamembrane mutations in various hematopoietic and solid tumors. Structural analysis of these domains and efforts to identify proteins that interact with the WW-like domain are warranted. However, collectively, these data suggest that the WW domain may have both positive and negative regulatory function in the context of TEL-PDGF␤R. These findings also suggest that a therapeutic strategy to modulate the positive regulatory function of the WW-like domain in TEL-PDGF␤R should take into account potential escape mechanisms through the residues essential for autoinhibition within the same domain.
